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Intermediate Bosons: 
Weak Interaction Couriers 

P. Q. Hung and C. Quigg 

The time is almost ripe, most elemen­
tary-particle physicists would agree, to 
install the current unified theory of weak 
and electromagnetic interactions (/) in 
basic physics textbooks. What lies be­
hind our hesitation, in the face of the 
striking experimental successes of the 
theory? It is that the agents of the weak 
interaction called intermediate bosons, 
the particles whose existence is implied 

(2). According to this picture, the decay 
of a neutron into a proton is accom­
panied by the emission of an electron 
(the "/3-ray") and an antineutrino (5). 
The Fermi theory was conceived in anal­
ogy with quantum electrodynamics 
(QED), the theory which governs the in­
teraction of electromagnetic radiation 
with matter. The electron-antineutrino 
pair was to play a role analogous to that 

Summary. Recent progress toward a complete theory of the weak Interactions has 
led to sharper predictions for the properties of the hypothetical weak-force particles 
known as intermediate bosons. The history of speculations about intermediate 
bosons is briefly summarized and the (as yet negative) searches carried out for these 
particles are reviewed. Prospects for future searches—both direct and indirect—are 
surveyed, and the consequences of finding the expected or unexpected are noted. 

by the unification of the apparently dis­
tinct weak and electromagnetic inter­
actions, have not yet been found. At 
present, intensive experimental searches 
(many involving audacious new ideas for 
the use of particle accelerators) are being 
mounted to look for such objects with 
the properties predicted by the theory. 
Our purpose here is to explain the theo­
retical significance of the intermediate 
bosons and to describe past and future 
searches for these particles. 

The contemporary view of the elusive 
weak-force particles is the result of a 
long evolution of the theory of the weak 
interactions, the most familiar manifesta­
tion of which is the radioactive /3-decay 
of nuclei. The first step toward a quan­
titative description of /3-decay was taken 
in 1933, when Fermi wrote down what is 
now called the four-fermion interaction 

played by the photon in electromagnetic 
transitions. Like the emission of a pho­
ton, the /3-decay transition takes place in 
Fermi's theory at a single space-time 
point. 

Unlike the emitted photon, which has 
a definite (zero) mass, the electron-anti­
neutrino pair is a composite system 
whose effective mass may vary from one 
process to another. Thus the analogy is 
incomplete: the photon emitted in radia­
tive transitions is the force particle of 
QED, but the electron-antineutrino com­
posite is apparently not the force particle 
of the weak interactions. Nuclear f3-
decay is the first example of what is now 
known as a charged current interaction: 
a process which changes the charge of 
the interacting particle by one unit. In 
our example, the electrically neutral neu­
tron is changed into a positively charged 

proton. The change in charge is com­
pensated by the emission of the negative­
ly charged electron-antineutrino pair. 
Before going on, we may emphasize that 
with a single crucial modification, Fer­
mi's theory remains an essentially cor­
rect description of charged current pro­
cesses at low energies. 

The Idea of Intermediate Bosons 

It was against this background that the 
intermediate boson hypothesis came into 
focus. For a brief period in the 1930's, it 
seemed natural to seek a unified ex­
planation of the two newly discovered 
nuclear forces: the strong force which 
binds protons and neutrons in the nucle­
us and the weak force responsible for /3-
decay. In his classic 1935 paper on nucle­
ar forces, Yukawa (4) introduced a revo­
lutionary idea. He postulated the exis­
tence of a spinless elementary particle, 
later called the meson, the exchange of 
which gave rise to the attractive short-
range interaction between neutron and 
proton (5). To account for the observed 
range of nuclear forces, Yukawa's me­
son was required to have a mass about 
200 times the electron mass. Yukawa 
further speculated that the meson could 
also be the carrier of the weak force re­
sponsible for /3-decay. This line of rea­
soning correctly anticipates the decay of 
the meson (for example, TT -» eve where 
e is an electron and ve is an electron anti-
neutrino), but deviates from the Fermi 
theory, in which the spin of the electron-
neutrino complex is one, not zero. It also 
fails to account for the very different 
strengths of the two interactions. A uni­
fied description of the strong and weak 
interactions was not to be found. 

What appears to be the first suggestion 
of an intermediate vector boson (IVB), 
that is, a spin-one particle, was ex­
pounded in a little-known article. by 
Klein in 1938 (6). Klein constructed a 
model in which massive charged vector 
particles (denoted W) mediated /3-decay. 
In this model, Fermi's analogy between 
/3-decay and radiative processes was 
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made closer; the intermediate boson was 
assumed to couple with electromagnetic 
strength to the neutron-proton and neu­
trino-electron pairs. In such a picture the 
weak interaction is no longer of zero 
range, but is characterized by a range 
r0 = h/Mwc, where Irrh is Planck's con­
stant, M w is the mass of the weak boson, 
and c is the speed of light. The contrast is 
illustrated in Fig. 1. Thus a large inter­
mediate boson mass is suggested by the 
short range of the /3-decay interaction. It 
is also required by the feeble strength of 
/3-decay processes. Identifying Klein's 
description of /3-decay with Fermi's 
gives Mw

2 = 4ira\/2/GF ^ (100 GeV/ 
c2)2, where a ** 1/137 is the fine structure 
constant and GF = 1.16 x 10~5 GeV 2 is 
the Fermi coupling constant. The inter­
mediate boson mass is the only free pa­
rameter in Klein's model. More than 30 
years were to pass before theory could 
predict that parameter. The ability to do 
so is intimately tied to the unification of 
weak and electromagnetic interactions 
presaged in Klein's work. 

Before sketching the elements of pres­
ent-day unified theories, let us continue 
our chronology. A crucial development 
was the discovery in 1956 by Lee and 
Yang (7) of the possibility that parity in-
variance could be violated in the weak 
interactions. They noted that invariance 
of the weak interactions under reflection 
symmetry was an implicit assumption 
without underlying experimental sup­
port, and proposed a series of experi­
mental tests. The hypothesis of parity vi­
olation was spectacularly confirmed in a 
series of elegant experiments (8). Feyn-
man and Gell-Mann, Sudarshan and 
Marshak, and Sakurai (9) thereupon gen­
eralized Fermi's vector theory of /3-
decay into the V - A (vector minus ax­
ial vector) theory. The extension of this 
interaction to other weak processes is 
readily accomplished. The V - A theory 
was a stunning phenomenological suc­
cess, predicting many detailed features 
of weak interactions such as muon decay 
fi~ -» e~i>e^, where *v is the muon neu­
trino. Even today it accounts for all the 
observed features of charged-current in­
teractions (10). 

Like the original Fermi theory, the 
V - A theory is a prescription for an ef­
fective interaction at low energies. The 
zero-range or point-coupling description 
conflicts with the conservation of proba­
bility at high energies, however. For ex­
ample, the cross section for the reaction 
v,& —» five is predicted in lowest order to 
grow as the square of the center of mass 
(CM) energy, but unitarity provides an 
upper bound that decreases as the in­
verse square of the CM energy. The pre-
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Fig. 1. (a) Neutron decay according to the 
point-coupling picture of Fermi, (b) Inter­
mediate boson interpretation of neutron 
decay. 

diction and the bound conflict for CM 
energies exceeding 600 GeV. The diverg­
ence of the point-coupling theory grows 
more severe in each order of per­
turbation theory. Therefore, as is well 
known, major revision is required to ob­
tain a satisfactory theory. 

A natural first step is to attempt to ar­
range a constant cross section at high 
energies by assuming, in analogy with 
QED, that the weak interaction is medi­
ated by exchange of a spin-one boson. 
Historically (11), three properties have 
been imputed to the intermediate boson 
W: 

1) It carries charge ± 1 , because the 
familiar manifestations of the weak inter­
action (such as /3-decay) are charge-
changing. 

2) It must be rather massive, to repro­
duce the short range of the weak force. 

3) Its parity is indefinite. 
Furthermore, its couplings to other 
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Fig. 2. (Solid curve) Lower limit [90 percent 
confidence limit (C.L.)] on the W boson mass 
set by the neutrino experiment of Barish et al. 
(19), as a function of the leptonic branching 
ratio. Limits from earlier neutrino experi­
ments are also shown. 

particles are fixed by the low-energy 
phenomenology. Some problems re­
main. The lowest order prediction vio­
lates unitarity at exponentially high 
energies, and higher order contributions 
are incalculable because the theory is not 
renormalizable. 

Although the intermediate boson theo­
ry is therefore incomplete in this form, it 
represents a considerable improvement 
over the point-coupling picture. The next 
decade saw many unsuccessful attempts 
to make a satisfactory theory, which we 
need not review here. Even in the ab­
sence of a complete theory, the inter­
mediate boson hypothesis was suffi­
ciently definite to predict the properties 
of the intermediate bosons with some 
confidence, and sufficiently plausible to 
inspire experimental searches. 

In an early paper (12), Lee and Yang 
considered the consequences of inter­
mediate bosons for muon decay. Their 
analysis showed that the existing data on 
the electron energy spectrum could tol­
erate an intermediate vector boson mass 
as small as about 1 GeV/c2. The mass of 
the intermediate boson was not specified 
by the theory, but speculations along the 
lines of Klein's ideas about the equality 
of the photon and intermediate boson 
couplings led to the suggestion (13) that 
Mw « 60 times the proton mass. Because 
the W can decay into ei>e and so on, it will 
be an unstable particle. The decay rate is 
fixed by the low-energy phenomenology 
as 

T(W -» e^e) = GFMw
3/67T\/2 

- 6.64 x 103 'd Mw 

GeV/c2 sec~ 

The intermediate boson can also decay 
into fiv^ and into strongly interacting 
particles. If B(W -» ei>e) < 1 represents 
the fraction of decays into electron and 
neutrino, the lifetime of the intermediate 
boson will be 

TW = B(W -» cf>e)h/T(W -» eve) 

1 GeV/c 2 ^ 
1.5 x 10" 

Mw 
sec 

which makes it very unstable indeed. 

Early Searches 

In the early 1960's, it was noticed by 
Schwartz and by Pontecorvo (14) that 
high-energy neutrino beams could be 
produced with secondary beams from 
proton accelerators. The prospect of 
these new tools stimulated intensive 
study of the weak interactions (15). The 
first major undertaking was the demon-
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stration (16) at Brookhaven National 
Laboratory and at the European Organi­
zation for Nuclear Research (CERN) of 
the absence of the reaction v^n -> e~p (n 
and p are a neutron and a proton), which 
proves that the electron neutrino and the 
muon neutrino are distinct. At once the 
experimental groups addressed the ques­
tion of direct production of intermediate 
bosons by the dissociation of v^ -» 
W V ~ m t n e Coulomb field of a nucleus. 
It is straightforward to estimate the 
production cross section (17), and the 
leptonic decays W+ -» e+ (ve undetect­
ed) or fi+ (*v undetected) provide char­
acteristic signatures. The early counter 
and bubble chamber experiments pro­
vide no evidence for dilepton events 
characteristic of IVB production and 
decay. This led to the conclusion (18) 
tha tM w > 2 GeV/c2. Subsequent experi­
ments (19) at higher energies have im­
plied stricter lower limits on M w , which 
are summarized in Fig. 2. 

An indirect manifestation of inter­
mediate bosons in neutrino physics 
would be the observation of deviations 
from the linear energy dependence pre­
dicted in the point-coupling theory for 
the total cross section of neutrinos on 
structureless particles. Experiments to 
measure the scattering of high-energy 
electrons and muons from nucleons have 
established that, to a good approxima­
tion, protons and neutrons behave as 
collections of structureless objects, 
which have been identified as quarks 
(20); Therefore we may expect that, in 
the point-coupling limit of infinitely mas­
sive (which is to say no) intermediate bo­
sons, the total cross section for neutrino-
nucleon (i/N) scattering is 

o-fc/N) <* G¥
2MEV 

where M is the nucleon mass and Ev is 
the neutrino energy. In the IVB picture, 
in contrast, the intermediate boson prop­
agator serves to damp the cross section, 
and one expects 

/ 2ME \ 
a1WB(vN) a GF

2MW
2 log (l + - j j ^ j 

The two expressions coincide when 
M w

2 » 2MEV, but the IVB theory pre­
dicts that the cross section will begin to 
fall below a linear extrapolation at neu­
trino energies EV>MW

2/2M. No signifi­
cant departures from linear behavior 
have yet been observed (21). Early ex­
periments that sought to identify cosmic-
neutrino-induced interactions deep un­
derground placed lower limits of several 
GeV/c2 on Mw (22). Subsequent precise 
measurements of the neutrino total cross 
sections at high-energy accelerators (23) 

are summarized in Fig. 3. They imply 
Mw 25 30 GeV/c2 . 

A third traditional technique for inter­
mediate boson searches has been to ex­
ploit the expectation that the decay of 
a heavy W produced in collisions of 
strongly interacting particles would im­
part a large transverse momentum (as 
much as Mw/2) to the muon (or electron) 
in the decay W -» ev or fiv. Although it 
had been recognized quite early that 
IVB's might be produced in hadron-
hadron collisions (24), estimates of the 
production cross section were uncertain 
by several orders of magnitude. In addi­
tion, the leptonic branching ratio was not 
reliably calculable. Consequently, a neg­
ative search would be difficult to inter­
pret. However, the higher primary 
energies available for proton beams as 
opposed to neutrino beams promised to 
extend the range of kinematically acces­
sible masses. The first such experiments, 
carried out in 1965, searched for IVB's in 
12, 20, and 30 GeV/c proton-nucleon col-
lisons (25). No hint of muons with large 
transverse momentum was found, above 
the level of unavoidable backgrounds. It 
was swiftly pointed out by Okun and by 
Yamaguchi (26) that the celebrated con­
served vector current (CVC) hypothesis 

relating /3-decay and radiative transition 
rates (27) implied a connection between 
the rates for production of intermediate 
bosons and of massive (virtual) photons, 
which could decay into muon pairs. 

This observation made it plain that it 
would not be enough to detect muons 
with high transverse momentum; to es­
tablish that the signal came from W 
decay, the absence of a second muon 
would have to be demonstrated. Thus 
was born the study of dilepton produc­
tion in collisions of strongly interacting 
particles (28), an experimental enterprise 
which has uncovered the existence of the 
J/i// and upsilon families of heavy parti­
cles as well as a smooth continuum of 
massive lepton pairs. Having found the 
virtual-photon continuum, we may now 
invert the CVC argument to predict the 
cross section for W production with new 
confidence. No indication of the produc­
tion and decay of the W has yet been ob­
served (29). 

Unifying Fundamental Interactions 

At the base of the unification of inter­
actions is the idea of gauge invariance, 
which draws its name from some early 

0.9 

0.8 

0.7 

> 
o 

0.6 

0.5 

u? 
b 0.3 

0.2 

0.1 

T 1 r n r " i — r 

h^htwi 

iJ-iHrS-t-^f-flji 
• CFRR 
O CITFR 
x CDHS 
A G G M 

I l_ 

D BEBC 
O ANL 
• IHEP-ITEP 

100 200 300 
Ev (GeV) 

Fig. 3. High-energy measurements of neutrino-nucleon total cross sections divided by the in­
cident neutrino energy [from (23)]. The horizontal lines denote best-fit values 
<T(PN)/EV = 0.63 ± 0.02 and a(vN)/Ev = 0.30 ± 0.01. The remaining curves illustrate the ef­
fects on i>N scattering of intermediate bosons with masses Mw = 10, 20, 30, and 40 GeV/c2, 
arbitrarily normalized to the 100-GeV datum. Data are from the Caltech-Fermilab-Rochester-
Rockefeller Collaboration (CFRR); the Caltech-Fermilab-Rockefeller Collaboration (CITFR); 
the CERN-Dortmund-Heidelberg-Saclay Collaboration (CDHS); the Gargamelle Bubble 
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for High Energy Physics, Serpukhov-Institute for Theoretical and Experimental Physics, Mos­
cow, Collaboration (IHEP-ITEP). 
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investigations by Weyl (30) into a pos­
sible connection between scale changes 
and the laws of electromagnetism. 
Weyl's specific attempt to deduce elec­
tromagnetism from a symmetry prin­
ciple—invariance under a change of 
length scale at every position of space-
time independently—ran afoul of quan­
tum mechanics, but the general strategy 
and the name have survived. Indeed, 
gauge theories constructed to embody 
various symmetry principles are now be­
lieved to provide the correct quantum 
descriptions of the strong, weak, and 
electromagnetic interactions. 

The simplest example of a gauge theo­
ry is electromagnetism itself. How does 
it follow from a symmetry principle? 
Quantum mechanical observables do not 
depend on the phase of the complex 
wave function which describes the state 
of a system. Therefore, one has the free­
dom to rotate the phase of a wave func­
tion by an amount which is the same at 
all times and places without affecting the 
physical consequences of the theory. 
The choice of phase is thus convention­
al, as opposed to observable. This is 
known as a global symmetry principle. It 
is natural to ask whether it should not be 
possible to choose this arbitrary conven­
tion independently at each point of 
space-time, again without affecting the 
physical consequences of the theory. It 
is, in fact, possible to construct a quan­
tum theory which is invariant under local 
(that is, position- and time-dependent) 
phase rotations that are proportional to 
the electric charge of the particles, but 
only if the theory contains an electro­
magnetic field with precisely the proper­
ties summarized by Maxwell's equa­
tions. In the quantum theory, a massless 
vector particle identified as the photon 
mediates the electromagnetic inter­
action. The interactions of matter with 
electromagnetism are essentially speci­
fied by the requirement of local phase in­
variance. 

Local phase rotations of the kind de­
scribed above are the simplest examples 
of local gauge transformations. For a 
continuous symmetry, global gauge in­
variance implies the existence of a set of 
conserved currents. In the case of elec­
tromagnetism, the electric current is 
conserved, A local gauge invariance re­
quires, in addition, the existence of 
massless gauge fields. The photon is the 
gauge field of electromagnetism. The set 
of phase transformations forms the one-
parameter group U(l). The local gauge 
invariance of electromagnetism was dis­
covered more than 60 years after the the­
ory had been codified by Maxwell. How­
ever, it frequently happens in physics 
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that the symmetries respected by a phe­
nomenon are recognized before a com­
plete theory has been developed. Could 
the notion of local gauge invariance be 
used to deduce the theory? 

This question was addressed in 1954 
by Yang and Mills and independently in 
1955 by Shaw (31). Early in the study of 
nuclear forces it was established that the 
nuclear interaction is charge-indepen­
dent; it acts with the same strength be­
tween proton and proton, or proton and 
neutron, or neutron and neutron. This 
may be understood by saying that the 
proton and neutron represent two states 
of the same particle, the nucleon. Just as 
an electron can be in a state with spin up 
or spin down, a nucleon can be in a state 
with the internal quantum number iso-
spin up (defined as the proton), or isospin 
down (defined as the neutron). Charge 
independence then would reflect the in­
variance of the strong interactions under 
isospin rotations, characterized by the 
group SU(2). If isospin is regarded as a 
gauge group, local gauge invariance re­
quires the existence of three massless 
vector gauge particles, corresponding to 
the three generators of SU(2). The inter­
actions of the gauge particles with nucle-
ons are prescribed by the gauge prin­
ciple. All of this is entirely parallel to the 
theory of electromagnetism. What distin­
guishes this SU(2) gauge theory from its 
U(l) counterpart is that the SU(2) gauge 
fields carry isospin and thus couple 
among themselves, whereas the photon 
(being electrically neutral) is not self-in­
teracting. Interacting gauge fields are an 
attribute of any theory based on a noh-
Abelian gauge group. Its elegant mathe­
matical properties notwithstanding, the 
Yang-Mills theory was unacceptable as a 
description of nuclear forces because 
they are not mediated by massless parti­
cles. The masslessness of the gauge par­
ticles is a feature required by gauge in­
variance. 

Very similar reasoning has interesting 
consequences for a theory of weak inter­
actions. It is appealing to regard the pro­
ton and neutron, the electron and its neu­
trino, and the muon and its neutrino as 
doublets 

*<)• *-(:•)• *H: I 
under a "weak-interaction isospin" sym­
metry (32), since the weak interactions 
involve transformations p <-> n, ve <-> e, 
v^ ** IJL, and so on. Local gauge in­
variance under weak isospin transforma­
tions then implies the existence of three 
massless gauge bosons, W+, W~, and 
W°. Because the gauge symmetry is im­
posed on all three weak doublets, the 

vector bosons couple universally, with a 
unique coupling constant, to N, E, and 
M. The universal strength of weak inter­
actions is a key experimental fact. That it 
arises naturally from a gauge theory is 
noteworthy. Unfortunately, this scheme 
for the weak interactions has the same 
shortcoming as the Yang-Mills proposal 
for strong interaction isospin: the gauge 
bosons in the theory are massless, but 
the short-range weak forces in nature 
must be mediated by heavy particles. 
The gauge bosons can acquire masses 
only if the local gauge symmetry is bro­
ken in some manner. 

In 1957, Schwinger (33) first proposed 
a model of unified weak and electromag­
netic interactions based on the global in­
ternal symmetry group 0(3), which is es­
sentially equivalent to SU(2). There are 
three vector bosons, W+, W~, and W°, 
transforming as a three-component vec­
tor under the isospin group 0(3). The 
two charged vector bosons are identified 
as the agents of the weak interaction, 
and the neutral boson W° is identified 
with the photon. Being partners of the 
photon, the charged vector bosons W+ 

and W~ are expected to interact univer­
sally with the electric charge, which im­
plies the equality of the weak and elec­
tromagnetic couplings, much as Klein 
had speculated long before. For this the­
ory to describe reality, it is necessary 
that the weak bosons acquire masses 
while the photon remains massless. 
Schwinger achieved this by postulating 
couplings of the vector bosons to aux­
iliary scalar and pseudoscalar fields. Al­
though this procedure does not entail a 
specific prediction for the mass of the in­
termediate boson, it anticipates the 
Higgs mechanism, which is central to 
current understanding of masses. Schwin­
ger's model was proposed before the 
V - A structure of the charged weak 
current was established, and does not 
yield a V - A form for the interaction. It 
is nevertheless a prototype for gauge the­
ories of the weak and electromagnetic in­
teractions. 

The first attempt to incorporate the 
. V - A structure into a gauge theory of 
weak interactions was made by Bludman 
(34) in 1958. This model was also based 
on the weak isospin gauge group SU(2), 
which requires three massless gauge bo­
sons, W+, W~, and W°. As in Schwin­
ger's model, the masses of the inter­
mediate bosons are contrived in an ad 
hoc fashion and consequently are not 
predicted. In contrast to Schwinger's 
model, in which W° is identified as the 
photon and does not acquire mass, the 
neutral gauge boson is massive and me­
diates a (then undiscovered) parity-violat-
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ing weak interaction. Furthermore, no 
attempt is made to unify weak and elec­
tromagnetic interactions, with their dif­
ferent space-time properties. The so-
called neutral current interaction would 
mediate reactions such as vep -» vep, in 
which the charge of the participating par­
ticles does not change. Neutral current 
interactions were not established experi­
mentally until 1973 (35). It is now known 
that they do not have the pure V - A 
structure of Bludman's model. 

A key insight came with the recogni­
tion that the weak and electromagnetic 
interactions admit a larger gauge symme­
try than the isospin group. An important 
tool for the classification of strongly in­
teracting particles is the Gell-Mann-
Nishijima formula (36) for displaced 
charge multiplets 

Q = h + Y/2 

which relates the electric charge (Q) to 
the third component of isospin (73) and 
an additive quantum number called hy­
percharge (Y). Application of this for­
mula to the weak doublets N, E, and M 
leads to the hypercharge assignments 
Y(N) = 1 and Y(E) = F(M) = - 1 . If the 
hypercharge is associated with a one-pa­
rameter group of phase rotations U(l), it 
appears natural to require that the weak 
and electromagnetic interactions be in­
variant under the combined gauge group 
SU(2) <8> U(l) of isospin plus hyper­
charge rotations. Imposition of local 
gauge invariance now requires the exis­
tence of four massless gauge bosons. As 
before, the W+, W~, and W° correspond 
to the generators of weak isospin and 
have interactions which are character­
ized by a common coupling strength g. 
In addition, the neutral gauge boson B° 
associated with the hypercharge symme­
try will interact with the fermions with a 
different coupling strength g', This kind 
of a model was formulated by Glashow 
(37) in 1961, following Schwinger's and 
Bludman's examples. 

The Gell-Mann-Nishijima formula 
suggests that the physical photon, which 
is coupled to electric charge, must be a 
linear combination of the gauge particles 
W° and B° associated with I3 and 7, re­
spectively. In addition to the inter­
mediate bosons W+ and W~~ correspond­
ing to the charged current interaction, 
there remains the orthogonal combina­
tion of W° and B°, designated Z°. It is 
possible, as discussed previously, to in­
troduce' masses by hand in such a man­
ner that W* acquire a mass Mw , Z° ac­
quires a mass Mz , and the photon re­
mains massless, as a consequence of 
electromagnetic gauge invariance. But 
this procedure explicitly breaks the origi-
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nal gauge invariance of the interaction 
Lagrangian. Is it possible to preserve the 
gauge invariance of the Lagrangian while 
giving masses to the gauge bosons? This 
can be accomplished, as first shown in 
this context by Weinberg and by Salam 
(38), through the device of spontaneous 
symmetry breaking, which is known as 
the Higgs mechanism (39). Strictly 
speaking, the gauge symmetry is not so 
much broken as it is hidden. As before, 
the gauge fields acquire masses by virtue 
of their interactions with auxiliary scalar 
fields. These interactions are manifestly 
gauge-invariant, as are the self-inter­
actions of the scalar fields. However, the 
self-interactions of the scalar fields are 
contrived to make the lowest energy 
(vacuum) state correspond to a nonzero 
value of the scalar fields. This is tan­
tamount to the selection of a preferred 
direction in the internal symmetry space, 
and so conceals the local gauge symme­
try. It was shown by 't Hooft in 1971 (40) 
that the resulting theory is renormaliz-
able, and hence calculable in the same 
sense as QED. This observation stimu­
lated widespread interest in the predic­
tions of the theory. 

In the specific realization chosen by 
Weinberg and Salam, this procedure 
leads to the prediction that the charged 
intermediate boson mass is given by 

_̂  / TTCL \1/2 1 __ 37.3 GeV/c2 

w \G¥Vl) sin 0W sin 0W 

where the weak angle 0W is the parame­
ter that expresses the mixing of B° and 
W° to produce the photon and Z°. The 
weak angle also characterizes the struc­
ture of the weak neutral current in terms 
of the (third component of) isospin cur­
rent and the electromagnetic current. It 
is from the study of neutral current pro­
cesses that our current knowledge of the 
weak angle is derived. Finally, in the 
Weinberg-Salam model, the mass of the 
neutral intermediate boson is predicted 
to be 

Mz = Mw/cos 0W ^ ^ w 

Intermediate Boson Properties 

In recent years, prodigious efforts 
have been concentrated on studies of the 
newly discovered neutral current inter­
actions. Taken together, these studies 
make possible a (nearly) model-inde­
pendent determination of the properties 
of the neutral weak current (41) which is 
in striking agreement with the predic­
tions of the Weinberg-Salam model out­
lined above. Existing experiments deter­
mine the weak mixing angle as sin20w 

= 0.23 ± 0.02. Within the framework 
of the Weinberg-Salam model, this im­
plies that the intermediate boson masses 
are M w = 78 ± 5 GeV/c2 and M z = 
89 ± 5 GeV/c2. These precise predic­
tions for the intermediate boson masses 
make inviting targets for the next genera­
tion of particle accelerators. 

We have already seen that the rate for 
the leptonic decays W -» ev and so on is 
fixed by the low-energy phenomenology 
and the W-boson mass. The quark model 
of strongly interacting particles makes 
possible an estimate of the nonleptonic 
decay rate as well. Assuming that there 
are N weak doublets of quarks (which 
occur in three distinguishable "colors") 
and leptons into which the W can decay, 
we expect that the total width of the 
charged IVB is T(W± -» all) - 4 i V x 0.2 
GeV. On present evidence the number of 
quark and lepton doublets is (no less 
than) three, so we estimate T(W± -» 
all) — 2.5 GeV, which corresponds to 
the lifetime r w — 2.6 x 10~25 second. 
The intermediate boson is indeed ephem­
eral, and would be even more so if more 
species of decay products should exist. 
The fraction of W decays into ev or 
IJLV, which are favorable modes from 
the point of view of detection, is sim­
ply 

B(W -» ei/) = £(W -» fiv) = 1/4N 

which is approximately 8 percent for 
three generations. 

The scale of decays of the neutral in­
termediate boson Z° is set by the unob-
servable decay modes Z° -» VM, which 
entail neutral current couplings inde­
pendent of the weak angle. These occur 
at the rate 

T(Z° -» i/j i>i) - GFMZ
3/12ITV2 

The decays of Z° into a pair of charged 
leptons, which may be the best experi­
mental signature, depend on the weak 
angle. For sin2 0W = 0.23, the expected 
rate is T(Z0 -» €+€~) - V2r(Z° -» vv). 
The total width is approximately 
T(Z° -» all) = 5.5 x N x T(Z° -» vv) -
2.5 GeV for N = 3. The branching ratio 
for decay into charged lepton pairs is 
given by B(Z° -» €+€~) - (9/N) percent 
— 3 percent. 

These gross properties of the IVB's, 
together with the characteristics of pro­
duction and decay angular distributions 
that are also specified by the "standard 
model", of the weak and electromagnetic 
interactions, determine the observability 
of intermediate bosons. We next turn to 
the specifics of projected experiments. 
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Future Searches 

Experimental facilities now being con­
templated and developed hold the prom­
ise of testing current ideas about the na­
ture of intermediate bosons. The most 
decisive result would, of course, be the 
direct observation of IVB's, which may 
be accomplished by a number of reac­
tions at high energies. 

Colliding beams of antiprotons and 
protons are expected to operate in the 
early 1980's at CERN (CM energy of 540 
GeV) and at Fermilab (CM energy of 
2000 GeV) with luminosities of 1030 cm' 2 

sec - 1 . Later in the decade, the Isabelle 
project at Brookhaven National Labora­
tory is to provide 800-GeV collisions of 
protons on protons with a luminosity ex­
ceeding 1032 cm~2 sec - 1 (42). Extensive 
predictions for the production and decay 
of IVB's have been presented by many 
authors (43). The conventional wisdom 
projects that IVB's will be produced at 
the rate of tens per hour at the modest-
luminosity machines and perhaps thou­
sands per hour at Isabelle. The detection 
of intermediate boson decays and the 
separation of signal from background 
pose interesting challenges for apparatus 
design. It appears that the leptonic decay 
modes W -» ev, JJLV and Z -» e+e~, /u,+/u,~ 
hold the greatest promise for clean de­
tection, in spite of the small probabilities 
for these decays. The signature for the Z° 
is the observation of a lepton and anti-
lepton with large (and opposite) mo­
menta at large angles to the beam direc­
tion. By measuring the lepton momenta, 
one may reconstruct the mass of the Z°. 
The signature for the W± is the observa­
tion of a charged lepton with large trans­
verse momentum that appears not to be 
balanced by other, oppositely directed 
particles. Because momentum conser­
vation is well established, it is inferred 
that the compensating transverse mo­
mentum is carried by an undetected neu­
trino. With one of the decay products un­
detected, it is impossible to reconstruct 
the W-boson mass. However, to the ex­
tent that the IVB's are produced with 
modest transverse momenta themselves, 
the end point of the lepton's transverse 
momentum spectrum is given by Mw /2 . 

The construction of electron-proton 
colliding beams at CM energies of sever­
al hundred GeV would make accessible a 
wide range of new physics, including in­
cisive studies of proton structure (44). 
However, the tiny cross sections 
(^ 10~~37 cm2) expected for the reactions 
e~ + p —> e" + Z° + anything or e~ + p 
—> ve + W~ + anything discourage the 

search for intermediate bosons in elec­
tron-proton collisions. 

Much more appealing is the prospect 
of forming the neutral intermediate bo­
son in electron-positron collisions (45). 
The visible cross section at the Z° peak is 
given by 

o-vis(e
+e- -> Z°) = (9/a2)B(Z° -» e+e~) 

x B(Z° -» visible) x cr(e+e- -» /u,+/u,~) 

where the branching ratio for visible 
decays (excluding Z° -» vv) is approxi­
mately 9/11 for any number N of quark 
and lepton doublets and the pointlike ref­
erence cross section o-(e+e~ -» /u,+/u,~) is 
evaluated at the Z° mass. For the three 
generations indicated by current experi­
ments, a fantastic rate of 4250 times the 
pointlike cross section is expected. A lu­
minosity of 1032 cm - 2 sec - 1 would then 
imply the detection of several Z°'s per 
second. In addition to demonstrating the 
existence of the neutral intermediate bo­
son, a Z° factory would provide a 
copious source of all the particles into 
which the Z° can decay. Within the 
Weinberg-Salam framework, precise 
measurements of the Z° width and the 
peak cross section would yield a count of 
the number of neutrino species and 
would bound the total number of light 
fermion species. At sufficiently high 
energies, e+e~ annihilations may lead to 
the production of W+W~ pairs. Study of 
the energy dependence of cr(e+e~ -» 
W+W~) may test the gauge-invariant struc­
ture of the theory. 

Before new accelerators make pos­
sible the direct observation of IVB's, it is 
unlikely (in view of our theoretical 
biases) that propagator effects might be­
come detectable. The extension of vN 
total cross section (and related) measure­
ments to significantly higher energies, 
which will follow the commissioning of 
the superconducting Tevatron at Fermi­
lab, will only begin to provide sensitivity 
to W-boson masses in the expected 
range. Similarly, observations of the for­
ward-backward asymmetry in the reac­
tion e+e~ —> [i+fi~ at CM energies ap­
proaching 40 GeV will further refine our 
knowledge of the Z° couplings to lep-
tons, but are relatively insensitive to the 
Z° mass. Of course, we reserve the right 
to be surprised. 

Consequences of the Searches 

Discovery of the intermediate bosons 
W± and Z° at their predicted masses 
would be of extreme importance for the 

following reasons, (i) It would represent 
the first direct confirmation of the idea of 
unification of weak and electromagnetic 
interactions, (ii) It would make possible 
the precise measurement of the mixing 
parameter sin2 0W- Accurate knowledge 
of sin2 0W can have important con­
sequences for ' 'grand unified" theories 
that seek to unify the strong, weak, and 
electromagnetic interactions. Various 
grand unified theories embody specific 
predictions for sin2 0W- (iii) Study of the 
decay modes of the IVB's may reveal 
hitherto unknown flavors of quarks and 
leptons. 

A word of caution is nevertheless in 
order. Piscovery of the IVB's at their 
predicted masses would by no means 
demonstrate the correctness of the idea 
of spontaneously broken gauge theories 
in which the Higgs mechanism plays an 
essential role. It would merely confirm 
the idea of electroweak unification. In 
the framework of broken SU(2) 0 U(l) 
symmetry, the masses of W± and Z° may 
take on the canonical values, whether 
the Higgs mechanism is realized through 
the action of auxiliary fields which are 
elementary (a la Weinberg-Salam) or 
composite ("dynamical symmetry 
breaking"). The mechanism of symme­
try breaking thus remains to be investi­
gated, even if the IVB's appear as pre­
dicted. 

What would be the significance of not 
finding the IVB's at the canonical mass­
es? Several possibilities may be con­
templated; we summarize the simplest of 
these. 

1) The intermediate bosons are not 
found at all. Bjorken (46) has shown that 
the success of the standard model in ex­
plaining the low-energy charged current 
and neutral current phenomenology can 
be emulated by assuming a global SU(2) 
symmetry as proposed by Bludman, pro­
vided all fermions have a large charge 
radius. Such a description is, of course, 
not renormalizable. 

2) The intermediate bosons exist, but 
with masses very different from the can­
onical values. One realization is a model 
due to Hung and Sakurai (47), motivated 
by Bjorken's approach. This picture is 
based on the assumption of a global 
SU(2) symmetry and ad hoc mixing be­
tween W° and the photon. Again, the 
low-energy phenomenology is faithfully 
reproduced. However, the only con­
straint in general (48) is Mw :s 160 
GeV/c2. 

3) The W± bosons are discovered at 
the canonical mass, but the Z° is found at 
a nonstandard mass. This may be taken 
as an indication that the electroweak 
gauge group is not simply SU(2) ® U(l), 
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but a larger group for which there will be 
many neutral gauge bosons. There might 
be additional charged bosons as well, but 
these must be at least three times as mas­
sive as the standard W boson to preserve 
the successful low-energy phenome­
nology. 

The definiteness of present ex­
pectations for intermediate boson prop­
erties and the prospect that meaningful 
searches are close at hand make for ex­
citing times ahead. We may look forward 
to the dramatic confirmation or the dras­
tic revision of current ideas about the 
unification of fundamental forces. The 
outcome of the search for intermediate 
bosons is thus likely to have implications 
that range far beyond the weak and elec­
tromagnetic interactions alone. 
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